NON-LINEAR INTERNAL FRICTION FROM FLEXURE PENDULUM MEASUREMENTS
Abstract -In many applications a flexure pendulum is more stable and better suited to available sample geometries than the more popular torsion pendulum. Examples of flexure pendulum measurements of non-linear internal friction, using free decay, constant amplitude drive and distortions of the resonance curve are compared.
I -INTRODUCTION
In many applications of low-frequency internal friction (IF), it is more convenient to use samples with a plate-like geometry than with geometries suitable for the more popular, inverted torsion pendulum (TP). This is particularly the case for some non-metallic single crystals that can be cleaved into rectangular prisms, but cannot be machined easily into other geometrical shapes. We designed a counterbalanced flexure pendulum (FP) to study the IF of such samples [I] , and over the intervening years it has been improved, together with the data-logging system, to the extent that, for most applications, including the study of metals and alloys, we prefer to use it whenever possible rather than an available TP. The reason for this preference is that the FP is inherently more stable than the TP.
The FP has two major drawbacks when compared with the TP: (i) the frequency squared of the FP is not directly proportional to elastic modulus, but depends linearly upon it, and (ii) the strain distribution in an FP sample can be considerably more complex than the strain distribution in a TP sample. The first of these is only a concern when it is necessary to resolve very small changes in Young's modulus. This problem can be overcome by careful design of the pendulum and its counterbalance system. The second is only of concern when it is necessary to estimate the intrinsic IF and dynamic modulus changes in a sample exhibiting non-linear damping.
The basic elements of an FP design are shown in Figure 1 , and details of some particular installations are given in references 1 to 5. A more rigorous investigation of the motion of such a system than published hitherto [I-51 has been carried out. The analysis is straightforward, but because the expressions obtained are lengthy, they will be published elsewhere. These include expressions for the resonant frequency of the pendulum and the vibration shape of the sample, in terms of easily measured geometrical parameters and Young's modulus of the sample. The vibration shape of the sample can be determined experimentally using the same type of optical transducer used to monitor the displacement of the pendulum [ 4 ] . An example is compared with the theoretically calculated shape in Figure 2 . The same equipment has been used to map the vibration shapes of resonant bars, including cases where the nodal pattern is complicated because of torsion-flexure coupling [6] . By careful Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:198510173 design of the FP and choice of the dimensions of the sample, the strain distribution in the sample can be chosen to be closer to that for pure bending, or closer to that for a cantilever. If an estimate of Young's modulus is available within about * 5%, the frequency of the pendulum can be predicted to within 2%, as well as changes in the frequency with tensile bias stress applied via the counterbalance. Nevertheless, it is important to note that, besides changing the resonant frequency of the pendulum, the bias stress also alters the strain amplitude distribution in the sample. Therefore, the effects of bias stresses on amplitude-dependent phenomena measured in a FP must be treated with caution.
To study amplitude-dependent IF, it is necessary to know the strain distribution in the sample. Determination of the intrinsic amplitude-dependent IF measured in a low-frequency pendulum has been investigated by many authors. A summary of the results and references for the TP, and the extreme cases of pure bending and cantilever bending for the FP, is given in reference 4. It is shown that, in the case of pure torsion or pure bending, the measured amplitude-dependent IF, together with its first derivative with respect to strain amplitude, must be known, while in.the case of cantilever bending, the second derivative of the measured curve is required also. In the case of free decay data, the measured IF is already the first derivative of the raw data, which can be regarded as the logarithm of the decaying amplitude. Consequently, the intrinsrlc IF vs. strain amplitude for torsion or for pure bending involves the second derivative of the raw, free decay data. Calculation of these derivatives, even from smoothed data fitted by orthogonal polynomials, involves considerable uncertainties, particularly at the extremes of the range of strain amplitudes over which the decay is monitored. We believe that this exercise is rarely worthwhile. It is far better to adapt particular theories to the strain distribution in question and to compare the adapted theory directly with the experimental results. If the explicit expression for IF as a function of strain amplitude ( e ) for a ssmple under a homogeneous strain distribution is given by a particular theory as 6 ( 8 ) , then the IF adapted to the FP, is given by where a = E /EM, the ratio of the strain amplitude at the mobile grips to the strain amplytzde at the fixed grips.
I1 -MEASUREMENT ON NON-LINEAR IF
In the following subsections three distinct techniques that can be used to measure amplitude-dependent IF with a low-frequency pendulum are briefly discussed.
Free Decay At Resonance -The pendulum is driven to a high amplitude at resonance and the drive force removed. The subsequent free decay is monitored and IF in the form of the logarithmic decrement, 6, is determined from the ratio of successive amplitudes, and changes in the dynamic modulus are determined from changes in the square of the resonant frequency. Alternatively, 2n (where n is an integer) samples of the pendulum displacement can be monitored and 6 evaluated using a fast Fourier transform (PFT) technique [ 7 ] . Usually, we determine the amplitude and period of every oscillation and store the data so that any one of several numerical techniques can be used to determine the IF and modulus changes. Using straightforward numerical differences of the In (amplitude) vs. oscillation number curve, a rough curve of amplitude-dependent damping is displayed immediately the decay is monitored. In our experience, the FFT technique is not well suited to amplitude-dependent IF and modulus studies, but we have found it invaluable in the investigation of pendulum noise and automodulation phenomena [ 8 ] .
Constant Amplitude At Resonance -The pendulum is driven at constant amplitude at resonance, and the energy input per cycle to maintain the amplitude is monitored. In this case, the logarithmic decrement is proportional to the drive force (determined by the current supplied to the drive coil) divided by the square of the resonant frequency and the amplitude. The proportionality factor is readily determined by a calibration of the drive data against free decay for a state where the sample is stable and amplitude independent. This drive technique is invaluable for the automatic recording of IFjtemperature spectra, and particularly useful for studying time-dependent IF, vibration conditioning and vibration annealing. For the study of amplitude-dependent IF, it is simply necessary to step the amplitude either up or down and record the stabilized drive current at each discrete amplitude. As an alternative, the amplitude can be made to follow a ramp either up or down. This technique is often useful for high damping, where it yields a continuous curve of IF vs. strain amplitude, whereas the traditional decay technique yields only a few scattered points. Also, by completing a ramp up and down in amplitude, hysteretic effects are readily revealed.
Constant Force, Variable Frequency -The pendulum is driven at constant force amplitude over a range of frequencies about the resonant frequency while the temperature is maintained constant and the amplitude of oscillation is monitored. For amplitude-independent phenomena, the IF is directly related to the halfwidth of the resonance curve. This technique has long been popular for studying amplitudeindependent IF at acoustic resonant frequencies, but rarely applied to pendulum studies or the study of amplitude-dependent phenomena. We have recently demonstrated that amplitude-dependent IF can be extracted from the variation in the width with amplitude of the "distorted" resonant peak, provided that a jump phenomenon does not occur (91. A major drawback of this technique is that the resonant peak must be scanned slowly, so that it takes much longer to accummulate data that can be obtained from a simpler free decay. Nevertheless, frequency scans of the amplitude and phase can be combined with the two techniques above, to gain further insight into the automodulation and phase-modulation phenomena that often occur at high amplitudes close to transformations [8] . Figure 3 shows results obtained by the first technique and compares them with results obtained by the second technique. Figure 4 compares a distorted resonance curve (the third technique) with results obtained by free decay immediately before and immediately after the frequency scan. As can be seen from these figures, any one of the techniques can be used to determine amplitude-dependent damping.
-CONCLUSIONS
A low-frequency flexure pendulum can be used to study amplitude-dependent IF and dynamic modulus changes by any of three distinct techniques: free decay, constant amplitude drive or analysis of the shape of the resonance curve. In addition, the constant amplitude drive system is convenient for studying time-dependent IF.
Any theory that gives explicit expressions for the IF as a function of strain amplitude can be adapted to the particular case of a flexure pendulum strain distribution. In this way, experimentally measured, amplitude-dependent IF curves can be compared directly with their theoretical counterparts.
IV -REFERENCES pendulum sample. The measured deflection covers the range from 1 x 10-5 cm close to the fixed grip (x=O) to 1 x cm close to the mobile grip (x=L).
